Proceeding on the assumption that all cancer cells have equal malignant capacities, current regimens in cancer therapy attempt to eradicate all malignant cells of a tumor lesion. Using in vivo targeting of tumor cell subsets, we demonstrate that selective elimination of a definite, minor tumor cell subpopulation is particularly effective in eradicating established melanoma lesions irrespective of the bulk of cancer cells. Tumor cell subsets were specifically eliminated in a tumor lesion by adoptive transfer of engineered cytotoxic T cells redirected in an antigen-restricted manner via a chimeric antigen receptor. Targeted elimination of less than 2% of the tumor cells that coexpress high molecular weight melanoma-associated antigen (HMW-MAA) (melanomaassociated chondroitin sulfate proteoglycan, MCSP) and CD20 lastingly eradicated melanoma lesions, whereas targeting of any random 10% tumor cell subset was not effective. Our data challenge the biological therapy and current drug development paradigms in the treatment of cancer.
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T he melanoma is an outstanding example of those tumors that are composed of phenotypically and genetically diverse tumor cells, are notoriously resistant to a variety of chemotherapeutic drugs, and relapse with high frequency after initial therapeutic remission (1) . Standard chemotherapeutic regimens including dacarbazine have not provided substantial survival benefits in melanoma therapy. This indicates that there is a need for a biological therapy including antibodies to block CTLA-4 function (2), high-dose IFN-α2b, which has exhibited a significant relapsefree survival benefit in the adjuvant therapy of high-risk stage IIB and III melanomas (3), and IL-2, which has yielded rare but reproducible high-quality responses (4) . A milestone in melanoma treatment was the report by the Rosenberg group demonstrating a 50% response rate in stage IV melanoma patients treated with ex vivo expanded tumor-infiltrating lymphocytes (TILs) and highdose IL-2 administered after nonmyeloablative conditioning (5) . Although the efficacy of TILs with obviously diverse specificities was high, adoptively transferred monospecific T cells induced regression of melanoma lesions in only 2 out of 15 patients (6), this could be improved by IL-2 and IFN-α (7). Increasing lymphodepletion before T-cell transfer improved objective response rates by up to 70%; this correlated well with the number and persistence of transferred T cells (8) . Surviving tumor cell variants are thought to be the cause of tumor relapse despite initial reduction in tumor mass. If melanoma cells survive treatment in a random manner and tumor growth is reinitiated by any surviving melanoma cell, eradication of tumor lesions will require the elimination of all melanoma cells and will not be possible by targeting of any tumor cell subsets. Conversely, if melanoma growth depends on a defined tumor cell subpopulation, their specific elimination will effectively eradicate tumor lesions without targeting the bulk of the tumor cells.
We addressed the scenario by adoptive transfer of cytotoxic T cells (CTLs) with redirected specificities toward the bulk of melanoma cells and toward specific melanoma cell subsets, respectively, of an established tumor lesion. T cells were engineered with a chimeric antigen receptor (CAR, immunoreceptor) whose extracellular antibody domain binds to a predefined antigen in a MHC-independent manner and triggers T-cell activation upon antigen engagement via the intracellular CD3ζ signaling domain (9) . By adoptive transfer of CAR-redirected CTLs, we revealed that established tumor lesions can be efficiently eradicated by targeted elimination of the less than 2% subset of melanoma cells with the CD20 + high molecular weight melanoma-associated antigen (HMW-MAA) + phenotype without targeting the tumor cell mass, whereas targeted elimination of any minor subset is less effective. These data provide a strategy for improving the biological therapy of melanomas and, moreover, for redesigning current drug development paradigms used in the treatment of cancer.
Results
Flow cytometric analyses of five melanoma biopsies revealed a differential expression profile of the classical melanoma markers tyrosinase (tyr), S100, and Melan-A (Fig. 1A) . Melanotransferrin (mtf) was expressed by nearly all melanoma cells and HMW-MAA, also referred to as melanoma-associated chondroitin sulfate proteoglycan (MCSP), by a substantial number of melanoma cells; this is in accordance with published data (10) . Moreover, we detected small islets of CD20 + cells that coexpressed HMW-MAA (Fig. 1B) . In four out of five biopsies, CD20 + HMW-MAA + cells were detected by flow cytometry and found to represent less than 2% of cells in the melanoma lesion. The rareness of melanoma cells expressing CD20 was further reconfirmed by immunohistochemical staining of primary biopsies (Fig. S1 ). CD20 + melanoma cells from biopsies grown to spheroids in embryonic stem cell media coexpress HMW-MAA, whereas HWM-MAA + melanoma cells propagated long term in adherent cultures in vitro do not express CD20 (Fig. 1C) . CD20 + melanoma cells moreover coexpress CD44 and CD61 and lack CD24 and CD34 (Fig. S2 ), thereby displaying a phenotype similar to known cancer stem cells. CD20 expression of spheroid cells in contrast to adherent melanoma cells was confirmed by RT-PCR as shown in Fig. 1D . Of note, no CD20 + melanoma cells could be detected in biopsies of patient 5 by flow cytometry, immune histology, or RT-PCR.
To explore whether isolated melanoma cells exhibit the capacity to establish melanoma, cell suspensions from primary and metastatic cutaneous melanoma biopsies were s. from first passage melanoma induced melanoma of the same phenotype upon second transplantation (Fig. S3B ), indicating that these cells exhibit melanoma-initiating capacities.
To specifically eliminate tumor cell subsets from a tumor lesion, we used redirection of CTLs with predefined specificity by expression of a CAR. We engineered CTLs with specificity for mtf, HMW-MAA, CD20, and for control CD19, respectively, by retroviral expression of a CAR with the respective single-chain antibody binding domain ( Fig. 2A) . The redirected T-cell specificity is defined by the extracellular scFv domain because engineered T cells with the anti-HMW-MAA CAR were activated by HMW-MAA + cells, but not by HMW-MAA − cells (Fig. 2B) . Conversely, T cells with the CD20-or CD19-specific CAR were activated by CD20 + CD19 + HMW-MAA − cells but not by CD20 − CD19 − HMW-MAA + cells. Of note, differences in T-cell activation are likely to be due to different expression levels of targeted antigens because both anti-CD20 and anti-CD19 CARs exhibit nearly identical binding affinities.
Melanoma cells isolated from tumor biopsies were sensitive to a cytotoxic T-cell attack redirected by the mtf-specific CAR in vitro (Fig. 2C ). Whereas those CTLs were from healthy volunteers, the same results were obtained using CTLs from melanoma patients redirected by the mtf-specific CAR against their autologous melanoma cells. HMW-MAA-specific CTLs also displayed redirected cytotoxicity toward melanoma cells in vitro, but the efficacy was lower; this result is to be expected due to the smaller number of HMW-MAA + cells in the melanoma cell population. CD20-redirected CTLs did not significantly reduce the number of melanoma cells in the short-term cytotoxicity assay because CD20 + cells represented less than 2% of the melanoma cells in the assay.
The targeted cells have melanoma originating capacities because coinoculation of these cells with mtf-specific T cells in NIH-III mice prevented melanoma outgrowth, whereas coinoculation with unmodified T cells resulted in melanoma formation and progressive tumor growth (Fig. 2D ). Redirected T cells targeting the HMW-MAA + subpopulation of melanoma cells exhibited a similar prevention of tumor formation. The same melanoma repression was observed when redirecting the patients' engineered T cells toward autologous melanoma cells, whereas coinoculation with the patients' mock-modified T cells did not. Patients' T cells seem to exhibit slightly higher antitumor activity; the effect, however, is not significant (P = 0.22) and was seen in some, but not all patients.
We then addressed whether an established tumor lesion can be eradicated by targeted elimination of a melanoma subset irrespective of the nontargeted cancer cell mass. Melanomas were induced by s.c. transplantation of biopsy cells and grown to sizes >15 mm 3 when tumors were obviously established and vascularized. Engineered T cells were then administered by three consecutive injections into the tail vein. T cells with redirected specificity for CD20 eradicated established melanoma lesions in four out of five melanoma biopsies, although the targeted cells represented less than 2% of melanoma cells (Fig. 3A) . It is noteworthy that transplanted tumors of patient 5, in which no CD20 + melanoma cells were detected, could not be eradicated by a CD20-redirected T-cell attack. Where tumors were eradicated, no tumor relapse occurred during the observation period of >36 wk. Targeting CD20 + melanoma cells significantly improved tumor-free survival compared with mice treated with Melanoma cell suspensions were obtained from cutaneous melanoma biopsies, stained for CD20, HMW-MAA, tyrosinase (tyr), S100, Melan-A, and melanotransferrin (mtf), respectively, and analyzed by flow cytometry. No CD20 + cells were detected in biopsy from patient 5. NMM, nodular malignant melanoma; UCM, unclassified melanoma; SSM, superficial spreading melanoma. (B, Left) Cryostat sections of cutaneous melanoma lesions from patient 1 were stained for HMW-MAA using the PE-conjugated anti-HMW-MAA antibody EP-1 (red), for tyrosinase using the antityrosinase mAb T311, and for CD20 using the anti-CD20 mAb L27, respectively, followed by incubation with the biotinylated antimurine IgG 1 antibody and streptavidin-conjugated Alexa Fluor 488 (green). Staining with isotype-matched PE-conjugated antimurine antibodies were used as controls (Insert). Cell nuclei were visualized by DAPI staining (blue). (Right) Coexpression of CD20 and HMW-MAA was detected by the anti-CD20 mAb L27 and the anti-HMW-MAA mAb 763.74 and visualized by the Alexa Fluor 488 (green) and Alexa Fluor 555 (red) conjugated secondary antibodies, respectively. Photographs were merged using Adobe Photoshop software. (Scale bars, 20 μm.) (C) Melanoma cells from patient 1 biopsy were cultivated in adherent cultures or grown to melanospheres in human embryonic stem cell medium as described (21) . Spheroidal and adherent cells were analyzed for expression of CD20 and HMW-MAA by flow cytometry using the PE-conju- redirected T cells of irrelevant specificity or to mice without treatment (P = 0.01) (Fig. 3B) . Targeting by HMW-MAAspecific T cells likewise stopped tumor growth; this resulted in tumor eradication in six out of eight mice and the transient regression of two tumors. Considering all of the patients together, treatment with HMW-MAA-specific T cells significantly increased tumor-free survival compared with treatment with unmodified T cells (P = 0.00004). The controls-mock-modified T cells and T cells with redirected specificity for CD19, which is not expressed in melanoma cells-did not alter tumor growth. This once again demonstrates the redirected specificity of the T-cell attack and excludes the possibility that adoptively transferred T cells displayed a relevant but unknown antimelanoma specificity.
We then asked whether targeted elimination of any small subpopulation of melanoma cells in the tumor lesion results in eradication of established melanomas. To address this question, melanoma cells of the biopsy were genetically marked by ex- anti-mtf 19.7% anti-CD20 
Fig. 2. Human T cells can be specifically redirected toward melanoma cells. (A) CD3
+ T cells obtained from a healthy volunteer (allogeneic) and from melanoma patient 1 (autologous) were engineered by retroviral gene transfer to express the HMW-MAA, the melanotransferrin (mtf), and the CD20-specific CAR, respectively. Anti-CD19 CAR and mock-transduced T cells were used as controls. CAR expression on the cell surface was monitored by flow cytometry using a PE-conjugated antihuman IgG1 mAb, which binds to the CAR extracellular spacer region, and a FITC-conjugated anti-CD3 mAb. pression of carcinoembryonic antigen (CEA) (Fig. S4) , which is expressed on the cell surface, can be specifically targeted by engineered T cells redirected with a CEA-specific CAR (Fig.  S5) , is not expressed by the mouse, and is not physiologically expressed in those human tumor lesions used in the study. Genetic marking, furthermore, did not alter tumor formation. Unmodified CEA − melanoma cells were spiked with CEA + marked melanoma cells from the same patient providing up to 10% CEA + melanoma cells in the tumor lesion. Although adoptive transfer of CEA-specific T cells specifically eliminated CEA + melanoma cells (Fig. S6) , tumor lesions progressed and could not be eradicated (Fig. 3A) , whereas positive controlinduced melanomas with 100% sorted CEA + melanoma cells were efficiently eradicated. The data demonstrate that elimination of any random subpopulation of melanoma cells does not eradicate established tumor lesions. (Fig. 1A) . Tumor volumes of each individual patient at day 21 of treatment and tumor-free survival of treated mice are shown. Statistical analyses were performed using Student´s t test. (C) Summary of adoptive T-cell transfer data. Melanomas were treated by adoptive transfer of engineered T cells as described in A. Nonmodified T cells, which do not target a specific melanoma cell subset (none) or modified T cells with a CAR specific for HMW-MAA, CD20, or CEA, respectively, were administered. Patient 5's melanoma cells, which lack CD20 + and CEA + cells, were engineered by transfection with CD20 and CEA, respectively (Figs. S4 and S5) , and added in a frequency of 10% to nonmodified melanoma cells. CEA + melanoma cells were specifically eliminated by anti-CEA CAR T cells in vitro and in vivo (Figs. S5 and S6) ; melanoma spiked with 10% CEA + melanoma cells, however, progressed in the presence of anti-CEA CAR T cells. As a control, melanomas with 100% CEA + melanoma cells were eradicated by anti-CEA CAR T cells. Mice were assessed to be cured when no tumor lesion was detected at day 21 after treatment. Cured mice were found to be tumor-free during the observation period of >6 wk. Data were compared with treatment with nonmodified T cells using the χ 2 test. (D) Melanoma cells from a biopsy take up granzyme B as revealed by coincubating with CD20 and HMW-MAA redirected cytotoxic T cells. Melanoma cells coincubated with CD19-specific T cells were used as the control. Granzyme B, CD20 and HMW-MAA were stained as described in Materials and Methods. Photographs were merged using Adobe Photoshop software. (Scale bars, 20 μm.)
To address whether CD20 is a target on a specific melanoma subpopulation or functionally crucial, we stably expressed CD20 in CD20
− melanoma cells from patient 5. The engineered CD20 + melanoma population was mixed with unmodified melanoma cells to a frequency of 10% CD20 + cells. Application of anti-CD20 CAR-modified T cells did not reduce tumor growth; all mice developed tumors as did mice injected with unmodified T cells (Fig. 3C) . There is no melanoma cure when targeting artificially marked melanoma cells. We conclude that CD20 is not functionally crucial but marks a specific cell population.
Redirected cytotoxic T cells mediate target cell lysis predominantly in a granzyme-dependent manner (11) . By immunostaining tumors in mice treated with HMW-MAA redirected T cells, we thus revealed that HMW-MAA + melanoma cells took up granzyme B as did CD20
+ melanoma cells after a CD20-specific T-cell attack (Fig. 3D) . In the control experiment, melanoma cells did not take up granzyme upon treatment with CD19-specific T cells. The observation is in accordance with in vitro data demonstrating lysis of HMW-MAA + , but not of HMW-MAA − melanoma cells attacked by redirected T cells.
Discussion
In the present paper, we demonstrate that human melanoma lesions, which had been established in immunodeficient mice by means of biopsy cells, can efficiently be eradicated by targeted elimination of a definite, minor melanoma cell population without targeting the bulk of the tumor cell mass. The targeted melanoma cell population consists of CD20 + HMW-MAA + melanoma cells and represents less than 2% of the melanoma cells in the tumor lesion. Elimination of the major HMW-MAA + melanoma cell population, which incorporates CD20 + melanoma cells, was likewise effective. Targeted elimination of a randomly selected, 10% melanoma cell subpopulation did not eradicate melanoma lesions; targeting of randomly CD20-modified melanoma cells did not result in tumor eradication either. Data definitely demonstrate the specificity of the observation and indicate that CD20 is not functionally crucial but marks a specific melanoma cell population. Because no tumor relapse was observed in any case during the >36 wk observation period, such melanoma eradication is obviously long lasting. Targeted elimination that is based on the redirected, MHC-independent specificity of CAR engineered cytotoxic T cells is specific and does not affect the bulk of tumor cells. Conversely, unmodified allogeneic or autologous T cells do not exhibit an antitumor effect; this makes an intrinsic, unidentified antimelanoma capacity of the adoptively transferred cells unlikely. Redirected CD20 targeting does not affect other host cells because the NIH-III mouse used in the study is B-cell deficient and the targeting CAR domain specifically recognizes human, not murine, CD20. Redirected HMW-MAA targeting was as effective in tumor elimination as CD20 targeting because HMW-MAA is coexpressed on CD20 + melanoma cells, but also on a larger number of CD20 − melanoma cells. In accordance with this observation, HMW-MAA has been discussed as a prospective target for the immunotherapy of melanoma for more than a decade and HMW-MAA-specific antibodies have been used in trials with some success (10) . There is no difference in the efficacy of HMW-MAA-and CD20-targeted melanoma eradication. The unexpected observation, however, is that targeting the minor CD20
+ melanoma cell population is as effective as targeting the majority of tumor cells. A caveat for a broad therapeutic application is that obviously some melanomas, in our cohort one out of five patients, do not harbor CD20 + melanoma cells, which may be due to lack of the CD20 molecule on the same melanoma cell subset or absence of those target cells.
The observation that the specific elimination of a minor subset of tumor cells results in eradication of established melanoma lesions is crucial for the understanding of the biology of melanoma. Continuous melanoma growth obviously requires the presence of a minor population of cells, which displays the CD20 + HMW-MAA + phenotype; other minor subsets may additionally exist. Elimination of these cells is obviously required to eradicate the melanoma irrespective of the bulk of tumor cells. Although our data sustain the model that established melanoma is organized in a hierarchical manner to sustain tumor progression, data do not account for whether or not melanoma can be newly established by a specific, phenotypically stable melanoma cell after transplantation. In contrast, recent data imply a phenotypic plasticity driven largely by reversible changes within tumorigenic melanoma cell lineages (12) . Our data are in accordance with the reversal phenotype model, assuming that those melanoma cells that sustain progression in an established tumor display a certain phenotype, although reversible, and represent a minority at a particular time, the elimination of which is sufficient to eradicate established tumor lesions. Our conclusion has substantial implications for the future design of therapeutic strategies. In the case of melanoma, elimination of nearly all melanoma cells is not required as long as the cell subset with tumor-sustaining potential is eliminated. Apart from adoptive T-cell therapy, the minor melanoma cell population may also be targeted by other means including the anti-CD20 antibody rituximab, which is clinically used to induce regression of CD20 + non-Hodgkin's lymphoma and B-cell chronic lymphocytic leukemia (13) . Anti-CD20 radioimmunoconjugates, including ibritumomab, tiuxetan, and tositumomab, also exhibit efficacy in eliminating B-cell lymphoma (14) . Rituximab treatment is accompanied by rapid and sustained depletion of normal CD20 + B cells from circulation, which is tolerated without significant toxicity (15, 16) . Similar depletion of circulating B cells is expected upon treatment with CD20-redirected T cells. However, in a previous small melanoma trial using rituximab as an adjunct to low-dose IL-2 therapy, no objective response was observed (17) . The lack of decrease in circulating Ig levels and obviously incomplete therapeutic loss of B-lineage cells in that trial indicates a low efficacy of rituximab treatment in those patients. It therefore remains unclear whether rituximab or other CD20-targeting antibodies are effective in melanoma treatment. However, in this context it must be considered that antibodies penetrate solid tissues less efficiently than T cells, and such penetration is required to deplete the rare CD20 + melanoma cells. Recombinant single chain antibodies may have an advantage because they penetrate solid tissues more efficiently than full-length antibodies and, when combined with a T cell-engaging domain in a so-called bispecific T-cell engager (BiTE) antibody, have proved to be extremely effective in eliminating tumor cells in circulation as well as in solid tissues (18) . Conversely, genetically redirected T cells have the advantage of continuous proliferation as long as cognate antigen is present, thereby multiplying their antitumor response.
The differential effect of targeting tumor cell subsets with different proliferative and tumor-sustaining capacities was recently emphasized by mathematical modeling (19) . The models predict that therapeutic strategies that increase the death rate or decrease the production of mature tumor cells will not eradicate progressively growing cancer lesions, whereas strategies that accelerate the death of tumor repopulating cells will be successful. Debulking tumor mass combined with targeting strategies specific for the minor subset of melanoma cells is therefore assumed to eradicate tumor lesions more rapidly while concurrently avoiding the risk of tumor relapse over time. The concept of selective targeting of tumor subpopulations is moreover supported by extensive clinical experience with germ-cell cancers where therapeutic elimination of the undifferentiated subset of cancer cells can cure patients even if differentiated cancer cells are left behind (20) . These models together with the data presented in this paper provide a strong rationale for reexamining current strategies and drug development paradigms in melanoma treatment and in cancer therapy in general.
Materials and Methods
Cell Lines and Antibodies. 293T cells are human embryonic kidney cells that express the SV40 large T antigen. MeWo (ATCC; HTB-65) and Daudi (ATCC;
